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1. INTRODUCTION 
 
 It has long been recognized that teleseismic data alone are generally adequate for 
differentiating between underground nuclear explosions and earthquakes for seismic 
events down to about mb = 4.0,  which corresponds to what would be expected for a well-
coupled 1 kt underground nuclear test conducted in a regional tectonic environment 
comparable to that of  the Western U.S. (OTA, 1988).  However, since it has been 
experimentally demonstrated that it is possible to reduce the amplitudes of the radiated 
seismic signals produced by low yield nuclear explosions by at least a factor of 70 by 
employing the cavity decoupling evasion scenario, it follows that comprehensive 
monitoring of underground nuclear tests in the 1 to 10 kt range will necessarily involve 
consideration of small seismic events having equivalent seismic magnitudes in the range 
2.0 < mb  < 3.5.  Since such small events are generally not well-recorded teleseismically, 
event identification research in recent years has focused on the development of 
discriminants that are effective in the regional distance range.  As a result of this research 
it has been found that the most reliable regional discriminants are those based on ratios of 
the amplitudes of the regional seismic shear phases Sn and Lg to those of the 
corresponding direct P phases Pn and Pg.  More specifically, it has been demonstrated 
(Bennett and Murphy, 1986; Taylor et al, 1988; Fisk et al, 2002) that the high frequency 
(6-8 Hz) spectral ratio of P (Pn or Pg) to S (Sn or Lg) provides the most robust separation 
of underground explosions and earthquakes for small seismic events recorded at regional 
distances.  While the experimental evidence for the power of this discriminant that has 
now been accumulated is compelling, a problem remains in that there is currently no 
physical model of S wave generation by explosions that has been shown to be 
quantitatively consistent with the wide range of observations from explosion sources 
(Stevens et al, 2003).  Consequently, extrapolation of existing regional P/S discrimination 
criteria to previously untested locations and source conditions is still subject to significant 
uncertainty. 
 
 One factor that has contributed to the confusion regarding the applicability of 
various proposed models of S wave generation by explosions has been the lack of a 
uniform set of strong constraints that must be satisfied by any plausible physical 
mechanism. Consequently, the technical objectives of the research program summarized 
in this report have been to determine frequency dependent source scaling relations for 
observed regional P and S phases through statistical analyses of data recorded from 
underground nuclear explosions conducted at a variety of different test sites, and to apply 
these derived scaling relations to a quantitative evaluation of various proposed physical 
source mechanisms for generation of the regional shear phases Sn and Lg observed from 
underground explosion sources. The ultimate objective of the study is to attempt to 
improve U.S. operational nuclear monitoring capability by providing a quantitative 
framework which can be used to confidently evaluate expected regional event 
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discrimination performance as a function of the ranges of explosion size and 
emplacement conditions which must be considered in global nuclear monitoring. 
 
 This report provides a summary of investigations that have been conducted under 
this contract in order to derive improved quantitative constraints on proposed physical 
mechanisms for S wave generation by explosions. A brief review of previous work on 
this topic is presented in Section 2 where the characteristics of frequency dependent 
explosion source scaling are discussed and illustrated. This is followed in Section 3 by a 
discussion of the general technical approach to deriving frequency dependent source 
scaling relations using regional phase data observed from underground nuclear 
explosions. In Section 4, this technical approach is applied to regional phase data 
recorded from underground nuclear explosions conducted at the former Soviet 
Semipalatinsk and Novaya Zemlya test sites, the Chinese Lop Nor test site and the U.S. 
Nevada test site (NTS), and the derived scaling results are compared with the 
corresponding predictions of a simple phenomenological S/P source ratio model based on 
the Mueller/Murphy (1971) P wave explosion source model. The report concludes with 
Section 5, which contains a short summary and statement of conclusions regarding S 
wave generation by underground explosion sources. 
 
2. BACKGROUND 
 
 A number of focused research studies have been conducted over the past several 
decades in attempts to better define the source of the S waves observed from underground 
nuclear explosions, particularly as they relate to the generation of the regional Lg phase 
which has come to play a central role in the identification and yield estimation of small 
explosions. In early studies of the seismic waves generated by underground nuclear 
explosions it was generally assumed that the observed S waves were produced by linear 
conversion of the primary explosion P waves by the layered geology in the source region 
and along the propagation path between the source and the receiver. However, it was 
soon recognized that relatively strong S arrivals were also observed on the transverse 
components of motion at regional distances and this necessitated the addition of a 
nonisotropic scattering mechanism to the simple linear conversion model. Subsequent 
deterministic simulations of the Lg phases produced by point source explosions in planar 
multilayered approximations of the crustal waveguide raised further questions regarding 
the plausibility of the linear P to S conversion mechanism in that isotropic explosions in 
high velocity source media such as granite were predicted to generate very little Lg 
energy (e.g. Jih and McLaughlin, 1988). 
 
 These inconsistencies prompted intensive searches for alternate sources of Lg 
which generally focused on either scattering of the Rg phase induced by the isotropic 
explosion into Lg (e.g. Gupta et al, 1991, 1997), or on direct generation of S and Rg 
waves by the non-isotropic components of the explosion source associated with spall and 
other nonlinear interactions of the primary explosion source with the overlying geology 
and free surface (e.g. Stevens et al, 1991, 2003). Although significant theoretical and 
observational evidence has been marshalled to support the plausibility of both of these 
hypothetical sources of Lg, problems remain in that neither seems completely consistent 
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with the wide range of Lg observational data which is currently available (Stevens et al, 
2003). For example, it has been observed that Lg amplitude level correlates remarkably 
well with the known yields of underground explosions over broad source regions, and 
this fact seems difficult to reconcile with the Rg scattering hypothesis. Moreover, both of 
these proposed sources would predict a pronounced dependence of Lg excitation on 
source depth, and this seems inconsistent with the results of Nuttli (1986) and others who 
have obtained reliable Lg-based yield estimates for very deep explosions, including the 
U.S. Peaceful Nuclear Explosion (PNE) RULISON which was detonated at a scaled 
depth more than six times larger than the nominal Nevada Test Site (NTS) containment 
depth. It follows that additional research is needed to identify potential sources of 
explosion S and Lg phases which satisfy all available constraints. 
 
 One potentially powerful constraint on the source of S waves from explosions is 
provided by their frequency dependent scaling as a function of explosion yield, depth of 
burial and source medium, relative to the well-documented scaling of the associated 
direct P wave phases. That is, since it is well established that the scaling of the direct P 
waves observed from explosions can be explained to first order by a simple isotropic 
source model (Mueller and Murphy, 1971), the degree to which the scaling of secondary 
regional phases such as Sn and Lg is similar to that of the corresponding Pn phases 
provides direct evidence of any significant departures from the isotropic source model. 
For example, consider the hypothesis that Lg is generated by simple near-source 
scattering of the direct, explosion-induced Rg phase. Now for the relatively high 
frequencies of interest with respect to the Lg/P discriminant, the dependence of the 
explosion-induced Rg phase excitation on source depth can be approximated with good 
accuracy by considering the Rayleigh wave excitation in a homogeneous halfspace. For 
this case, it can be shown that the dependence of the Rayleigh wave displacement 
spectrum on explosion source depth, h, is given by (Bycroft, 1966; Murphy, 1973) 
 

221 θγ−
θγα
ω−

=
h

e)h(G  
 

where ω is the circular frequency, γ = β/α with β, α the compressional and shear wave 
velocities, respectively, and θ is the root of the characteristic equation corresponding to 
the velocity of Rayleigh wave propagation. Thus, at a fixed high frequency, Rg excitation 
is expected to decrease exponentially with increasing explosion source depth, with the 
rate of decrease increasing with frequency. This dependence is graphically illustrated in 
Figure 1 (left) which shows the predicted decrease in Rg excitation as a function  of 
explosion source depth between 200 and 800m (normalized to a depth of 200m), for a 
frequency band extending from 1 to 10 Hz. Also shown on this figure (right) is the 
corresponding depth dependence for direct P predicted for the same range by the 
Mueller/Murphy explosion source model for a nominal 5kt explosion. It can be seen that 
these predicted dependencies on source depth are dramatically different for these two 
phases. It follows that a comparison of frequency dependent depth scaling exponents 
estimated from observed Pn and Lg phase data recorded from explosions at fixed test 
sites should provide very robust evidence regarding the plausibility of the proposed direct 
Rg scattering mechanism as the source of the Lg energy observed from explosion 

(1) 



 4

sources. Of course, more complex models of Rg scattering which consider the Rg 
induced by spall in addition to the direct explosion-induced Rg component might be 
expected to show a more complex dependence on source depth, but it too would have a 
characteristic dependence on explosion yield and depth which is likely to differ from that 
of direct P, and this simple example illustrates the potential resolving power provided by 
carefully defined scaling relations. 
 
 Similar comments apply to the hypothesis that the source of the explosion-
induced Lg signal is related to the S waves generated by the non-isotropic components of 
the source associated with spall and other nonlinear interactions of the primary explosion 
source with the overlying near surface geology and free surface. In this case, the 
complexity of these nonlinear interactions makes it difficult to formulate even 
approximate yield and depth scaling rules such as those described above for Rg. 
However, it is known that the induced spall source does decrease with increasing scaled 
depth and, eventually, vanishes when the explosion is deep enough that no nonlinear 
interaction with the free surface occurs. Consequently, this component of the Lg source 
would be expected to decrease with increasing depth and to vanish at some large scaled 
depth which observationally appears to be in the range 500-700m/kt1/3, at which the U.S. 
PNE tests SALMON and RULISON were conducted. Once again, this expected depth 
dependence is quite different from that for direct P and, consequently, comparison of 

Mueller/Murphy, W = 5kt 

h = 200m 

h = 400m 

h = 800m 

Rg 

h = 800m 

h = 200m 
h = 400m 

Figure 1.  Comparison of the predicted decrease in Rg excitation as a function of 
explosion source depth (left) with the corresponding depth dependence of direct P 
predicted by the Mueller/Murphy explosion source model (right) for a nominal 5 kt 
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derived P and Lg source scaling relations should provide a good test of the applicability 
of such proposed physical mechanisms for S wave generation by explosions. 
 
 Initial examination of broadband recordings from large and small explosions 
would seem to suggest that Lg does in fact scale differently with yield that Pn. This effect 
is illustrated in Figure 2 where it can be seen that the broadband Lg/Pn peak amplitude 
ratio at regional station WMQ for a Semipalatinsk explosion with mb = 6.1 is much larger 
than the corresponding ratio observed at that same station for a smaller Semipalatinsk 
explosion with mb = 4.8. However, this apparent difference in scaling is simply a result of 
the fact that the dominant frequency of Lg is lower that that of P, and that the low 
frequency amplitude levels decrease more rapidly with decreasing yield than those of the 
higher frequency components, in accord with the predictions of explosion source scaling 
models such as Mueller/Murphy. In fact, as is illustrated in this figure, when viewed in 
common narrow frequency bands, the Lg/P amplitude ratio appears to be approximately 
independent of yield. 
 

 The selected examples of seismic source scaling presented above provide some 
qualitative insight into expected variations with explosion yield and depth of burial. 
However, in order to really constrain the source of the secondary shear arrivals it is 
necessary to analyze the frequency dependent scaling on a phase by phase basis using 
regional data recorded from explosions conducted under a wide variety of source 
conditions. One previous example of this approach was a study documented by Murphy 

Figure 2.  Comparison of broadband (top) and bandpass filtered (0.5 – 1.5 Hz center, 4.0 – 8.0 
Hz bottom) recordings of the Balapan test site explosions of 6/14/88 (mb = 4.8, right) and 
5/04/88 (mb = 6.1, left) from station WMQ at a distance of about 8.5°. It can be seen that, 
although the broadband Lg/P ratios appear to be quite different for these two explosions, they 
are in fact quite similar when viewed through common narrow frequency bands. 
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et al (2001), in which they analyzed the source scaling characteristics of regional phase 
data recorded at the Borovoye Geophysical Observatory in North Kazakhstan from a 
sample of 21 Soviet Peaceful Nuclear Explosions (PNE) of known yield and depth of 
burial. The map locations of these 21 explosions that are within 20° distance of the 
Borovoye station are shown in Figure 3, where it can be seen that they are widely 
distributed throughout the territories of the former Soviet Union. On the basis of prior 
experience (e.g. Mueller and Murphy, 1971) it was assumed  in that analysis that the 
scaling of the explosion seismic source, S(ω), could be approximated using a functional 
relation of the form 
 
     ( ) ( ) ( )ωωω mn hW~S     (2) 
 
where W and h are the explosion yield and depth of burial, respectively, and n(ω), m(ω) 
are the associated frequency dependent scaling exponents. The source scaling exponents 
estimated for the direct Pn phase from a covariance statistical analysis of the observed 
Borovoye PNE regional phase spectral amplitude data are displayed as a function of 
frequency in Figure 4 where they are compared over the frequency band from 0.5 to 5.0 
Hz with the corresponding frequency dependent values predicted by the Mueller/Murphy 
model. It can be seen from this figure that these predicted yield and depth scaling 
exponents as a function of frequency are completely consistent with the experimentally 
determined values, at least within the rather large statistical uncertainty in these mean 
values. That is, as was noted previously for the corresponding teleseismic P wave data 
recorded from these same explosions, the observed frequency dependent scaling of the Pn 
spectral amplitude data with explosion yield and depth of burial are generally quite 
consistent with the predictions of the Mueller/Murphy explosion source scaling model. 
 

Figure 3.  Map locations of selected Soviet PNE tests which were recorded at the 
Borovoye station in Kazakhstan ( Δ < 20° ). 

Borovoye 
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 The frequency dependent source scaling exponents derived for the four different 
secondary regional phases (i.e. Pcoda, Pg, Sn, Lg) are shown in Figure 5 where they are 
compared with those estimated for the direct Pn phase for both the yield (left) and depth 
(right) variables. It can be seen that the source scaling for all these regional phases are 
fairly similar over the frequency band extending from 0.5 to 5.0 Hz, particularly for the 
yield scaling exponents. The depth scaling exponents do however show some consistent 
differences between phases (e.g. Lg versus Pn) over the significant portions of this 
frequency range which could be indicative of differences in source mechanism. 
Unfortunately, Murphy et al (2001) concluded that the formal statistical uncertainty in 
these derived scaling exponents is too large to be able to conclude with high confidence 
that they are significantly different for the different regional phases. This lack of 
resolving power is at least partially due to the fact that these PNE events are widely 
distributed throughout the territories of the former Soviet Union (cf. Figure 3) and, 
consequently, propagation path variability makes it difficult to recover the source scaling 

Figure 4. Comparison of the frequency-dependent yield (n) and depth (m) scaling 
exponents for Pn derived from the covariance analysis of Borovoye data recorded from 
the PNE events with the corresponding values predicted by the Mueller/Murphy 
explosion source model (Murphy et al, 2001).
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exponents with high accuracy. In the present program we minimize such propagation 
path variability by analyzing data recorded at specific stations from multiple explosions 
at fixed nuclear weapons test sites. This allows us to more precisely define any consistent 
differences in the source scaling of the various regional phases, which, in turn, provides 
much improved quantitative conatraints on proposed source mechanisms for the 
secondary regional shear phases Sn and Lg. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.  TECHNICAL APPROACH 
 
3.1 Signal Processing and Statistical Analysis Procedures 
 
 Following the precedent of Murphy et al (2001) and a number of other previous 
investigators, the regional phase spectral amplitudes used in this study were estimated 
using narrowband filter processing. In this approach, the recorded seismic data for each 
explosion are bandpass filtered using a Gaussian comb of filters spaced at intervals of 
0.25 Hz between 0.5 and 10 Hz, where each filter is characterized by a Q value of 6fc, 
with fc the filter center frequency. Filters of this type have been applied in a variety of 
previous explosion source scaling analyses ( Murphy et al, 1989; Murphy et al, 2001; 
Murphy and Barker, 2001) and have been found to provide spectral estimates that are 
useful for purposes of seismic analyses. The spectral amplitude levels at each filter center 
frequency used in the source scaling studies have been determined by computing RMS 
values from the instrument-corrected filter outputs in each of the designated regional 
phase time windows. 
 
 Unlike the Soviet PNE explosions analyzed by Murphy et al (2001) that sampled 
a range of scaled depth (i.e. h/W1/3) extending from about 200 to over 2000 m/kt1/3, the  

Figure 5. Comparison of yield (left) and depth (right) frequency-dependent scaling exponents 
determined for the different regional phases recorded at Borovoye from the selected PNE events. 
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explosions at the nuclear weapons test sites considered in this study were generally 
conducted in a narrow range of scaled depths between about 100 and 130 m/kt1/3. That is, 
the explosion source depth, h, is generally proportional to W1/3 and, consequently, the 
depth dependence can be absorbed into a single frequency dependent yield scaling 
exponent. Therefore, for the purposes of the present analysis, equation (2) has been 
simplified to express the regional phase spectral ratios at a fixed station for explosions at 
a specific test site in the form 
 

     ( )
( ) ( ) ( )ωω=
ω
ω 'n

i
i

i WK
P
S     (3) 

 
where here S corresponds to Sn or Lg and P to Pn or Pg, and n'(ω) denotes the difference 
in the frequency dependent yield scaling exponents, ns(ω) - np(ω), between the S and P 
phases. It follows that if the S wave source scales with yield in the same manner as the P 
wave source, the estimated n'(ω) values are expected to be close to zero. Any differences 
in depth dependence between the different regional phases can then be assessed in terms 
of observed departures from the average ratios predicted by equation (3). 
 
 Taking the logarithms of both sides of equation (3) leads to the linear relation 
 

    ( )
( ) ( ) ( ) i

i
Wlog'nK~

P
Slog ω+ω=⎥

⎦

⎤
⎢
⎣

⎡
ω
ω    (4) 

 
that can be solved for n'(ω) and ( )ωK~ using linear least squares, given a set of regional 
phase spectral ratio observations from explosions of known yield. Equation (4) is directly 
applicable to testing areas like Degelen and NTS where yields of individual explosions 
encompassing a wide yield range are known. However, for testing areas such as Balapan, 
Lop Nor and Novaya Zemlya where individual yields are generally not known, 
teleseismic body wave magnitudes are used as surrogates for yield, assuming that the 
slope, b, of the average test site mb/yield relation 
 
     WlogbCmb +=     (5) 
 
is known. That is, the dependence of the observed regional phase spectral amplitude 
ratios on mb is estimated statistically to obtain n'(ω)/b, and then the corresponding 
frequency dependent yield scaling exponents, n'(ω), are approximated using the known 
value of b. It will be demonstrated in the next section that these two procedures give very 
comparable results when applied to a common set of Degelen explosions for which both 
yields and mb values are known. 
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3.2 Description of a Mueller/Murphy Based Model For Scaling of 
Explosion S/P Spectral Ratios 
 
 It will be shown in the following section that the source scaling effects on the 
observed S/P spectral ratios for all of the nuclear test sites considered in this study are 
remarkably consistent with a simple phenomenological model first proposed by Fisk et al 
(2005) in which the seismic source for S is defined to be directly proportional to the 
corresponding Mueller/Murphy P wave source, with a corner frequency reduced by the 
S/P velocity ratio of the source medium. This model is graphically illustrated in the left 
panel of Figure 6, which shows the Mueller/Murphy P wave source, P(f), for a nominal 
20 kt explosion at normal containment depth in granite, together with an S wave source 
given by S(f) ~ P(kf) where k = α/β, with α,β the compressional and shear wave velocities 
of the source medium. In this example, the constant of proportionality has been set to two 
for display purposes. The right hand panel of Figure 6 shows the corresponding 
theoretical S/P spectral ratio, which is constant at low frequency, and then decreases with 
increasing frequency between the S and P wave corner frequencies to a constant lower 
value above the P wave corner frequency. Because Mueller/Murphy is an ω2 model, the 
difference between the low and high frequency asymptotic levels is given by (α/ β)2, or 
approximately a factor of 3 for typical hardrock media. 
 

 The implications of this model with respect to explosion source scaling of the S/P 
spectral ratios can be quantified using the following simple formulation. At any fixed 
regional station, the observed P and S wave displacements, Zp(ω) and Zs(ω), from 
explosions at a particular testing area can be represented schematically in the form 

( ) ( ) ( )ω⋅ω=ω ppp Th,W,SZ ( ) ( ) ( )ω⋅ω=ω sss Th,W,SZ
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Figure 6. Mueller/Murphy based model for S/P spectral ratios where S(f) ~ P(kf) and k 
represents the ratio of the P to S wave velocities of the source medium. The left panel shows the 
resulting P and S wave source functions for a nominal 20 kt explosion at normal containment 
depth in granite, while the right panel shows the corresponding predicted S/P spectral ratios. 
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           (6) 
 
where Tp, Ts denote the frequency dependent propagation path effects and Sp, Ss the 
explosion source functions for P and S, respectively. It follows that the S/P spectral ratio 
is given by 
 
           (7) 
 
For our approximate scaling model 
 
           (8) 
 
 
where k = α/ β for the source medium and it is assumed that the frequency dependent S/P 
source excitation ratio, Es(ω,W,h) is independent of W,h at a fixed test site (i.e) 
 
     ( ) ( )ω=ω ss Eh,W,E     (9) 
 
It follows that for a fixed station and test site, the S/P ratio for a particular explosion 
having yield W and depth of burial h can be expressed as 
 
 
           (10) 
 
 
and, consequently, the source scaling of the S/P spectral ratio between two explosions 
with different yields and depths of burial can be written as 
 
           (11) 
 
 
That is, this phenomenological model predicts that the scaling of the observed S/P 
spectral ratios with W,h at a given station for explosions at a fixed test site depends only 
on the Mueller/Murphy P wave source scaling model and the P to S velocity ratio of the 
source medium. In the following section this simple model will be applied to theoretical 
simulations of the observed source scaling of S/P spectral ratios at the various test sites 
considered in this study. 
 
4. RESULTS AND DISCUSSION 
 
 In this section, the technical approach described in Section 3 above is applied to 
analyses of the source scaling characteristics of regional phase observations from 
underground nuclear explosions at the former Soviet Semipalatinsk and Novaya Zemlya 
test sites, the Chinese Lop Nor test site and the U.S. NTS test site. 
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4.1 Semipalatinsk 
 
 The analysis of source scaling of regional phase spectral ratios for underground 
nuclear explosions at the Semipalatinsk test site has focused on data recorded at the 
stations shown on the map of Figure 7 from explosions at the Degelen Mountain and 
Balapan testing areas of that test site. On this map the labeled stations denote those for 
which high resolution digital data are available, while the unlabeled stations are Soviet 
permanent network stations for which parametric peak amplitude phase ratio data have 
been compiled. The most important of these stations is the Borovoye Geophysical 
Observatory (BRV), which is one of the oldest digitally recording seismic stations in the 
world, having initiated digital recording in 1966 (Adushkin and An, 1990). Vertical 
component data recorded at station BRV at a distance of about 650 km from selected 
explosions at the Degelen Mountain and Balapan testing areas are shown in order of 
increasing source size in Figures 8 and 9, respectively. As was noted previously, 
individual yields and depths of burial have been announced for a significant number of 
Degelen explosions, while generally only seismic measures of source size (i.e. mb) are  

STS

BRV 

SEM

Figure 7. Distribution of seismic stations used in the analysis of seismic source scaling from 
the various regional phases observed from underground nuclear explosions at the former 
Soviet Semipalatinsk test site (STS). Labeled stations are those for which high resolution 
digital data are available. 
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available for the Balapan explosions. Vertical component data have been exclusively 
used throughout this study because they are generally of higher quality and more 
consistently available than the corresponding horizontal component data. Moreover, a  
number of previous studies have confirmed that horizontal component regional data from 
explosions scale with source size in essentially the same manner as the corresponding 
vertical component data (e.g. Murphy, 1977). In fact, averages of the spectral ratios on 
three component recordings are often used for discrimination purposes on the grounds 
that they are somewhat more stable than single component ratios. It can be seen from 
Figures 8 and 9 that if the Sn phase is associated with an apparent group velocity of about 
4.5 km/sec and the Lg phase with an apparent group velocity of about 3.5 km/sec, then 
strong, broadband Sn and Lg arrivals are consistently observed at station BRV from 
explosions at both these testing areas. 

Figure 8. Vertical component digital data recorded at the Borovoye station 
(BRV, Δ ≈ 650 km) from a sample of Degelen Mountain nuclear explosions of 
known yield and depth of burial. The data are plotted as a function of apparent 
group velocity and in order of increasing yield between 1.1 and 78 kt. 
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 While the Borovoye data are of generally good quality, close examination reveals 
numerous occurrences of spikes, data dropouts and clipping which would seriously 
contaminate any data analysis results at high frequency (Murphy et al, 2001). 
Consequently, all of the BRV data used in this study were carefully previewed by an 
experienced analyst to assess data quality and suitability for digital processing. In cases 
where such data problems were isolated as single points, they were corrected using 
simple interpolation of the adjacent data points, as is illustrated in Figure 10. In cases in 
which the data problems were too extensive to be remedied by such simple data 
interpolation, the recordings were deleted from the analysis data sample. The remaining, 
carefully previewed data were then processed to obtain regional phase spectral amplitude 
estimates using the narrowband filter processing described in Section 3.1 above. Figure 
11 shows an example of the resulting filter outputs over the frequency range from 0.5 to 

Figure 9. Vertical component digital data recorded at the Borovoye station (BRV, Δ ≈ 650 km) 
from a selected sample of Balapan explosions encompassing a range of mb extending from 4.8 
to 6.2. The data are plotted as a function of apparent group velocity. 
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10 Hz for the mb = 5.29 Balapan explosion of 1 February 1979, where the selected time 
windows for the Pn, Sn and Lg phases are indicated. It can be seen that these filter 
outputs show large Lg/Pn amplitude ratios out to about 2 Hz, above which the Lg spectral 
amplitude level decreases quite rapidly to the P coda level at about 5 Hz. The observed 
Sn spectral amplitude levels are also greater than those of Pn out to about 3 Hz, but 
decrease less rapidly than those of Lg at higher frequencies, showing spectral amplitude 
levels above the P coda levels out to 10 Hz. 
 
 Before proceeding to the statistical analysis, it is instructive to directly compare 
observed regional phase spectral ratios corresponding to explosions with different sizes 
and depths of burial. Figure 12 shows a comparison of the station BRV Sn/Pn spectral 
ratios for Balapan explosions with mb values of 4.94 and 6.19. Using the nominal average 
mb /yield relation for Semipalatinsk explosions (Murphy and Barker, 2001), the yields of 
these two explosions differ by nearly a factor of 50, and it can be seen that their 
associated Sn/Pn spectral ratios are essentially identical over the entire frequency band 
extending from 0.5 to 10.0 Hz. This indicates that the observed Sn phase spectra must be 
scaling with yield in a very similar manner to the corresponding Pn phase spectra over 
this large range in explosion source size. Similarly, Figure 13 shows comparisons of 
observed station BRV Sn/Pn spectral ratios for selected Degelen explosions with  

Original 

Corrected 

Figure 10. Example of a Borovoye explosion recording exhibiting numerous data spikes 
(top) and the same trace after processing it with a despiking routine (bottom). 
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significantly different depths and scaled depths of burial. It can be seen that these 
observed regional phase spectral ratios are also essentially identical over the sampled 
ranges of depth and scaled depth, consistent with a frequency dependent depth scaling for 
Sn which must be very similar to that for Pn, at least over the limited range of depths 
sampled by these Degelen explosions. It has been found that similar conclusions apply to 
the corresponding observed Lg/Pn spectral ratios. Thus, direct comparisons of observed 
data indicate that the Semipalatinsk Sn and Lg spectra from station BRV must be scaling 
with the explosion source variables in a manner which is very similar to that of the 
corresponding Pn spectra. 
 

11.  Bandpass filter processing results for the Borovoye recording of the mb = 5.29 
Balapan nuclear explosion of 2/01/79, where the selected time windows for the Pn, Sn 
and Lg regional phases are indicated. 
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f, Hz 

Sn/Pn 

mb = 4.94 
mb = 6.19 

Figure 12. Comparison of observed Sn/Pn spectral ratios at station BRV for large and 
small Balapan explosions. These observed ratios are essentially identical, consistent 
with a frequency dependent magnitude scaling for Sn which must be very similar to 
that for Pn over this range of magnitude. 

Figure 13. Comparison of observed Degelen Mountain Sn/Pn spectral ratios at station 
BRV as a function of source depth (left) and scaled depth (right). 
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 The formal source scaling analysis was initiated with the regional phase 
amplitude data derived from the recordings of the 20 Degelen explosions of known yield 
shown in Figure 8, using the statistical model described in Section 3.1 above. The 
resulting yield scaling exponents for the regional phase spectral ratios Sn/Pn and Lg/Pn 
are displayed as functions of frequency in Figure 14, together with their observed 
associated 95% confidence bounds. As was noted previously, if the frequency dependent 
yield scaling for the secondary phases Sn and Lg is the same as that for Pn, then the 
scaling exponents for these ratios should not be significantly different from zero. In fact, 
the inferred scaling exponents are quite small, ranging only from about -0.25 to +0.10 
over the frequency range from 0.5 to 10.0 Hz, and are significantly different from zero at 
the 95% confidence level only in a narrow band extending from about 1 to 3 Hz. That is, 
these statistical results also suggest that the observed Sn and Lg phase spectra scale with 
yield in a manner very similar to that for Pn, particularly in the higher frequency ranges 
used for regional discrimination purposes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 One limitation of the above analysis is that it based on data recorded at a single 
station, and thus provides no insight into possible azimuthal variability of the source. For 
this reason, high resolution digital data recorded at near-regional station SEM, which is 
located at a significantly different azimuth (cf. Figure 7) have also been analyzed. Figure 
15 (left) shows vertical component recordings from station SEM for four Degelen 
explosions with yields ranging from 1.5 to 90 kt. The right hand panel shows a 
comparison of the average S/P ratios for the two larger explosions ( W = 58kt) with the 

Least squares 

Sn/Pn 

± 95% confidence bounds
Least squares 

Lg/Pn 

± 95% confidence bounds

n n

Figure 14. Estimated yield scaling exponents (n) as a function of frequency for the Sn/Pn (left) 
and Lg/Pn (right) regional phase spectral ratios at station BRV for Degelen Mountain 
explosions. It can be seen that these inferred yield scaling exponents are quite small, differing 
from zero at the 95% confidence level only in a narrow frequency range from about 1 to 3 Hz. 
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average S/P ratio for the two smaller explosions ( W = 3.5kt). It can be seen from this 
figure that these SEM S/P spectral ratios show no obvious yield dependence over the 
frequency range from 0.5 to 10 Hz, consistent with the corresponding station BRV results 
at a significantly different source to station azimuth. 
 

 Additional evidence regarding azimuthal variability is provided by the regional 
phase peak amplitude data for Degelen explosions from the analog Soviet permanent 
network stations shown in Figure 7. While these data provide no information regarding 
possible frequency dependent variations, they do provide valuable constraints on possible 
azimuthal variations of the source in the short-period band. Figure 16 shows average 
Degelen explosion Sn/Pn and Lg/Pn peak amplitude ratios for some 25 of these Soviet 
network stations sampling a wide range of source to station azimuth. While the scatter is 
fairly large, these results indicate that any azimuthal variations in the seismic source 
functions of these regional phases must be small relative to the single station variability at 
a fixed azimuth, at least in the short-period band sampled by these data. Thus, the 
available data from these Degelen explosions provide no convincing evidence of any 
significant azimuthal dependence in the observed S/P phase amplitude ratios. 
 
 

Figure 15. Comparison of vertical component seismic recordings (left) and associated 
average S/P spectral ratios (right) for selected Degelen Mountain explosions with yields 
ranging from 1.5 to 90 kt recorded at the near-regional (Δ ≈ 175 km) station SEM. 
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 Since both yield and mb values are available for the 20 Degelen explosions of 
Figure 8, the regional phase spectral ratios derived from these station BRV data provide a 
good basis for testing the proposed alternate source scaling model in which mb is used as 
a surrogate for yield, as described in Section 3.1 above. The two sets of frequency 
dependent yield scaling exponents derived from these Degelen Sn/Pn data are compared 
in Figure 17, where an average mb /yield slope (i.e. b value) of 0.75 has been used to 
convert the mb -based scaling exponents to yield scaling exponents in accord with the 
average Semipalatinsk mb /yield relation inferred by Murphy and Barker (2001) from 
their analysis of observed network-averaged teleseismic P wave spectra from 
Semipalatinsk explosions. It can be seen that these two sets of inferred frequency 
dependent yield scaling exponents are very comparable, which supports the applicability 
of the mb -based scaling model at testing areas such as Balapan and Lop Nor where yields 
of significant numbers of individual explosions are not known. 
 
 For the Balapan analysis, a sample of station BRV recordings from about 60 
explosions encompassing a range of mb extending from about 4.8 to 6.2 were assembled 
and carefully previewed to assure data quality. These data were then processed to obtain 
Sn/Pn and Lg/Pn spectral ratios, which were then statistically analyzed to determine 
frequency dependent yield scaling exponents using the procedures described in Section 
3.1 The resulting Balapan yield scaling exponents are plotted as functions of frequency 
for Sn/Pn and Lg/Pn in Figure 18, where they are compared with corresponding Degelen 
results from Figure 14. It can be seen from this figure that the estimated yield scaling 
exponents for these two Semipalatinsk testing areas are very similar, with the Balapan 
exponents also being significantly different from zero only in the narrow frequency band 
between about 1 and 3 Hz. Also shown on this figure are the corresponding theoretical  

Figure 16. Average observed Degelen Mountain explosion Sn/Pn (left) and Lg/Pn (right) 
peak amplitude ratios as a function of source to station azimuth for Soviet permanent 
network stations.   
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Figure 17. Comparison of frequency dependent yield scaling exponents (n) for the 
Degelen Sn/Pn Borovoye spectral ratios estimated from regressions with respect to yield 
(dashed) and mb (solid). 

Figure 18. Comparison of observed Degelen and Balapan frequency dependent yield scaling 
exponents for Sn/Pn (left) and Lg/Pn (right) with the theoretical exponents predicted by a 
simple source model based on Mueller/Murphy, with Sn(f) = Pn(kf ), where k represents the 
ratio of the P to S wave velocities of the source medium. 
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frequency dependent yield scaling exponents predicted for these sets of explosions using 
the simple phenomenological source model described in Section 3.2 above, in which the 
S wave source is estimated from the corresponding Mueller/Murphy P wave source by 
scaling  the corner frequency by the S/P velocity ratio of the source medium. It can be 
seen that these theoretical yield scaling exponents as a function of frequency are 
remarkably consistent with the experimental Semipalatinsk values, within the 
approximate ±0.1 uncertainty bounds on these statistically inferred values.  
 
 Given the success of the simple Mueller/Murphy based phenomenological model 
in explaining the observed frequency dependence of the source scaling of the 
Semipalatinsk S/P spectral ratios, it remains to identify plausible physical sources which 
are consistent with this model. Now, since the source corner frequency in the 
Mueller/Murphy P wave model is proportional to the compressional wave velocity 
divided by the elastic radius, it follows from the comparisons shown in Figure 18 that the 
S wave sources for these explosions must have characteristic lengths comparable to those 
of the corresponding P wave sources. One physical mechanism for S wave generation 
that would be consistent with this inference is the tectonic model proposed by 
Archambeau (1972) and Stevens (1980), in which an explosion in a prestressed medium 
causes a stress release in the nonlinear zone surrounding the explosion in which the 
medium is crushed and cracked by the outgoing compressional shock wave out to a range 
approximately equal to the elastic radius characteristic of the P wave source. If such a 
mechanism is in fact responsible for S wave generation by explosions, then it would be 
expected that the observed S/P ratios would depend on the strength of the individual 
explosion-induced tectonic release in some systematic fashion. However, for explosions 
at Balapan where the strength of the long-period tectonic release was very precisely 
estimated for a large number of events by Given and Mellman (1986), there does not 
appear to be any obvious correlation of the observed S/P spectral ratios with the 
corresponding inferred tectonic release. This fact is illustrated in Figure 19, where the 
Borovoye Sn/Pn spectral ratios for two Balapan explosions having very similar mb values 
but very different long-period tectonic release characteristics (as measured by the F factor 
which is equal to the inferred ratio of the moment of the equivalent tectonic release 
double couple to the moment of the explosion source) are compared. It can be seen that 
these two spectral ratios are essentially identical over the 0.5 to 10.0 Hz frequency band, 
indicating that the S wave generation efficiency in this band does not correlate with the 
strength of the accompanying tectonic release, at least as measured by the long-period F 
factor. Thus, the search continues for a plausible physical mechanism for S wave 
generation by explosions which is consistent with the inferred source scaling 
characteristics of the observed S/P spectral ratios. 
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4.2 Lop Nor 
 
 The map locations of the digital stations for which data have been assembled for a 
sample of Lop Nor nuclear explosions encompassing a range of mb extending from 4.8 to 
6.6 are shown in Figure 20. It can be seen that, although there are no data useful for 
source scaling analyses available from stations in China, there are numerous stations 
located near the border within the territories of the former Soviet Union, including station 
MAK that is located at a comparable distance from Lop Nor (i.e. Δ =7°) to that of the 
Borovoye station from the Semipalatinsk test site. 
 
 An example of representative bandpass filtering processing results for the 
assembled sample of Lop Nor data is shown in Figure 21 for the station AAK (Δ =10° ) 
recording of the Lop Nor explosion of 29 July 1996. This example is typical in that, 
unlike the Borovoye recordings of Semipalatinsk explosions, there is no obvious Sn 
arrival which can be correlated across the frequency range of interest. Moreover,  

Figure 19. Comparison of observed Sn/Pn spectral ratios for two Balapan explosions of 
comparable yield, but significantly different long-period tectonic release characteristics (i.e. F 
factors). It can be seen that these observed spectral ratios show no statistically significant 
dependence on F in the 0.5 to 10 Hz frequency band. 
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Lop Nor

MAK 

AAK 

Figure 20. Distribution of digital seismic stations used in the analysis of seismic source 
scaling of regional phases from Lop Nor explosions. 

Figure 21. Bandpass filter processing results for the station AAK ( Δ=10°) recording of 
the Lop Nor explosion of 29 July 1996. 

Sn? 
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although the Lg phase is observed to be relatively strong at low frequencies, its amplitude 
level decreases quite rapidly to the P coda level above about 3 Hz. Although these results 
vary somewhat from station to station, there is no evidence of Lg energy above the P 
coda level at frequencies above 5 Hz at any of these stations. Consequently the Lop Nor 
source scaling analysis has been limited to the Lg/Pn spectral ratios at frequencies below 
5 Hz. 
 
 As in the Semipalatinsk analyses, it is instructive to directly compare observed 
regional phase spectral ratios at common stations for Lop Nor explosions of different 
sizes before proceeding to the formal statistical analysis. Figure 22 shows a comparison 
of observed station MAK (Δ =7°) Lg/Pn spectral ratios estimated from recordings of four 
Lop Nor explosions encompassing a range of mb extending from 4.8 to 5.8. Based on the 
nominal average mb /yield relation for Lop Nor explosions (Murphy and Barker, 2001), 
this range in mb corresponds to more than a factor of 20 in yield (i.e. b = 0.75), and it can 
be seen that the associated Lg/Pn spectral ratios are very similar over the frequency range 
extending from 0.5 to 5.0 Hz. That is, as at Semipalatinsk, these Lop Nor Lg source 
spectra must be scaling with yield in a very similar manner to that of the corresponding 
Pn source spectra over this range in explosion source size. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 22. Comparison of observed Lg/Pn spectral ratios at station MAK (Δ=7°) for Lop 

Nor explosions encompassing a wide range of source size. 
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 Although digital data are available from Lop Nor explosions at a number of 
different stations (cf. Figure 20), unlike Semipalatinsk there is no one station that 
recorded explosions sampling the entire range of energy release encompassed by the 
explosions represented in our Lop Nor database. Consequently, for this test site a 
modified covariance statistical approach was applied to the source scaling analysis of the 
observed Lg/Pn spectral ratio data. In this model, the Lg/Pn spectral ratio at station i from 
explosion j is represented in the form 
 

          (12) 
 
where the frequency dependent yield scaling exponent, n'(ω), is assumed to be common 
to all stations, and the Ki(ω) are the frequency dependent station terms which are 
estimated statistically using samples of observed Lg/Pn spectral ratio data from 
explosions of known yield (or, in this case, known mb) at the various stations. The 
applicability of this selected technique is illustrated in Figure 23 which shows observed 
Lg/Pn ratios from the various stations at a frequency of 1.5 Hz for a sample of Lop Nor 
explosions encompassing a range of mb extending from 4.8 to 6.6. The left panel of this 
figure shows the raw Lg/Pn amplitude ratio data from the various stations plotted as a 
function of mb, while the right panel shows the corresponding station-corrected values. It 
can be seen that the inferred station corrections significantly reduce the interstation data 
scatter, permitting a confident determination of the source scaling exponent. The Lg/Pn 
frequency dependent yield scaling exponents estimated from the Lop Nor explosion data 
are shown in Figure 24 where they are compared with the corresponding Balapan 
exponents over the frequency range extending from 0.5 to 5.0 Hz. It can be seen that 
these Lop Nor source scaling results are remarkably similar to those for Balapan, again 
indicating that the difference in yield scaling exponents between the S and P wave 
sources are significantly different from zero only in a narrow band from about 1 to 2 Hz. 
As at Semipalatinsk, these observed Lop Nor S/P spectral ratios have been theoretically 
simulated  using the simple Mueller/Murphy based S wave source model, and the 
frequency dependent yield scaling exponents derived from these synthetic ratios are 
compared with those estimated from the observed Lop Nor Lg/Pn ratios in Figure 25. 
Once again, the agreement is excellent, indicating that the observed Lop Nor source 
scaling for Lg/Pn is also consistent with a simple S wave source which is directly related 
to the corresponding P wave source. 
 
4.3 Novaya Zemlya 
 
 Assembling a suitable database for source scaling analysis of regional S/P spectral 
ratios for Novaya Zemlya explosions proved to be difficult because, while a number of 
regional digital stations in the area have recorded some of the explosions conducted at 
that test site, the only station which operated continuously for a long enough period of 
time to record data from Novaya Zemlya explosions sampling a wide range of yields in 
NORSAR. However, because NORSAR is located at a far-regional distance of nearly 20° 
from these explosions, the observed S wave spectral amplitudes generally exceed the 
corresponding P coda amplitude levels only for frequencies below about 2 Hz. 
Consequently, the most that can be concluded from these data is that the observed S/P  
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log(Lg/P) = 0.98 - 0.20mb 

Figure 23. Comparison of Lop Nor Lg/Pn spactral ratios as a function of mb at 1.5 Hz. 
The left panel shows the measured phase spectral ratio values from the various stations 
while the right panel shows the corresponding station-corrected phase spectral ratio 
values obtained from the covariance analysis. 

Figure 24. Comparison of observed Lop Nor and Balapan frequency dependent yield 
scaling exponents for Lg/Pn. 
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spectral ratios appear to be roughly independent of source size over the limited frequency 
band extending from about 0.5 to 2.0 Hz, consistent with the previously described results 
for explosions at the Semipalatinsk and Lop Nor test sites. 
 
 In an attempt to derive more definitive results, the study effort was redirected to 
an analysis of the yield dependence of observed Novaya Zemlya explosion S/P spectral 
ratios derived from data recorded at the four Russian special monitoring regional stations 
whose map locations are shown in Figure 26. Although only limited samples of Novaya 
Zemlya explosion data are currently available from these stations, their proximity to the 
testing areas enables analysis of S/P yield dependence at frequencies up to about 5 Hz, 
which is difficult using data recorded at the more distant Scandinavian stations. 
 
 The most suitable data for purposes of the present analysis that are currently 
available from these special monitoring stations are recordings of the same two Southern 
Novaya explosions of very different size at the near-regional Amderma and Nar-yan-Mar 
stations. The Amderma vertical component recordings from these two explosions are 
shown in Figure 27. Based on the nominal average mb/yield relation for Novaya Zemlya 
(Murphy and Barker, 2001), these two explosions differ in yield by about a factor of 30, 
and it can be seen that this difference in yield is evident in the recordings in that the  

Figure 25. Comparison of observed Lop Nor frequency dependent yield scaling 
exponents for Lg/Pn with the theoretical exponents predicted by a simple source model 
based on Mueller/Murphy, with S(f) = P(kf) where k represents the ratio of the P to S 
wave velocities of the source medium. 
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dominant frequencies of the various arrivals are significantly lower for the larger mb = 
7.0 explosion of 10/27/73 than for the smaller mb = 5.9 explosion of 9/27/73. Despite 
these obvious differences in source corner frequency, it has been found that the S/P 
spectral ratios for these two explosions are very similar at both stations. This fact is 
illustrated for the Sn/Pn spectral ratios in Figure 28, where it can be seen that the 
observed ratios for the two explosions are essentially identical over the frequency range 
from 0.5 to 5.0 Hz at both stations. Similar conclusions apply to the corresponding Lg/Pn 
spectral ratios. Thus, while these data are not extensive enough to permit a formal 
statistical scaling analysis, they are consistent with the results presented above for 
explosions at the Semipalatinsk and Lop Nor test sites in that they show no significant 
dependence of the regional phase S/P spectral ratios on explosion yield. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Murmansk 
Amderma 

Vorkuta Nar-yan-Mar 

Figure 26. Near-regional Russian seismic stations for which high resolution digital 
data are available for selected Novaya Zemlya explosions. 
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Figure 27. Comparison of vertical component recordings of the Southern Novaya Zemlya 
explosions of 9/27/73 (mb = 5.9, top) and 10/27/73 (mb = 7.0, bottom) at near-regional 
station Amderma (Δ ≈ 320 km). 

Figure 28. Comparison of Sn/Pn spectral ratios for Southern Novaya Zemlya explosions of 
9/27/73 (mb = 5.9) and 10/27/73 (mb = 7.0) at stations Amderma (left) and Nar-yan-Mar (right). 
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4.4 NTS 
 
 The S/P scaling analysis for the NTS test site has focused on data recorded at the 
four near-regional Lawrence Livermore National Laboratory (LLNL) seismic network 
stations from explosions conducted below the water table at the Yucca Flat testing area. 
The map locations of these four stations with respect to the Yucca Flat testing area on 
NTS are shown in Figure 29 where it can be seen that they are well situated to detect any 
azimuthally dependent variations in the seismic sources of the regional phases of interest. 
This restricted source region was selected to minimize effects due to variations in source 
coupling and propagation paths for the different explosions. Figure 30 shows a sample of 
vertical component recordings at LLNL station MNV (Mina, Nevada) at an epicentral 
distance of about 240 km from selected explosions detonated below the water table at 
Yucca Flat. It can be seen that these explosions encompass a range of mb extending from 
4.1 to 5.9 that, according to the average nominal mb/yield relation for well-coupled 
explosions at NTS (Murphy, 1981; 1996), corresponds to a seismic yield range extending 
from about 1 to 200 kt. Thus, these data provide a good basis for assessing effects of 
explosion source size on the observed S/P spectral ratios. It can be seen from this figure 
that even the smallest of these explosions is recorded at good signal to noise ratios at this 
near-regional station. Representative bandpass filter outputs obtained from processing the 
explosion Techado recording at station MNV are displayed in Figure 31. Note that the 
spectral amplitude levels of S exceed the corresponding P coda levels up to frequencies 
on the order of 10 Hz in this near-regional distance range. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 29. Map showing the locations of the LLNL 
near-regional stations ELK, MNV, LAC and KNB, as 
well as the Yucca Flat testing area of NTS considered 
in the present study. 
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Figure 30. Vertical component digital data recorded at the Mina, Nevada LLNL network 
station (MNV, Δ ≈ 240km) from a selected sample of explosions detonated below the water 
table at Yucca Flat which encompass a range of mb extending from 4.1 to 5.9. 

Figure 31. Bandpass filter processing  of the LLNL station MNV recording of the NTS 
explosion Techado (mb = 4.1). It can be seen that the S wave spectral amplitude levels are 
above the P coda levels out to 10 Hz. 
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 Many of the Yucca Flat explosions in the selected data set were recorded at all 
four of the LLNL stations and, consequently, the following analysis will focus on 
network-averaged (logarithmic) S/P spectral ratios, since these appear to be somewhat 
more stable than the corresponding single station values. Figure 32 shows a comparison 
of such network-averaged S/P spectral ratios for seven Yucca Flat explosions sampling a 
range in mb extending from 4.1 to 5.9. It can be seen that, while the results for the 
different explosions are generally quite consistent, there is a tendency for the S/P ratios 
for the smallest explosions (i.e. Tehcado, Borrego) to lie somewhat above those for the 
larger explosions (i.e. Baseball, Scantling, Sandreef, Caprock, Dalhart) over a fairly 
broad frequency range between about 0.5 and 5.0 Hz. An even more dramatic example is 
provided in Figure 33 which shows a comparison of S/P spectral ratios at LLNL station 
LAC (Landers, California) for the very small (ML = 3.5) Aleman and much larger (mb = 
5.8) Caprock explosions. It can be seen from this figure that the S/P spectral ratio for the 
smaller Aleman explosion is significantly larger than that for the larger Caprock 
explosion over the frequency band from about 0.5 to 5.0 Hz, in apparent contradiction of 
the results described above for the other three test sites. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 32. Comparison of LLNL network average S/P spectral ratios for selected explosions 
conducted below the water table at Yucca Flat. Solid lines denote the ratios corresponding to 
the smallest explosions (Techado, Borrego) while dashed lines denote the ratios 
corresponding to the larger explosions (Baseball, Scantling, Sandreef, Caprock, Dalhart). 
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 In fact, however, more detailed investigation has revealed that these observations 
are also consistent with the simple Mueller/Murphy based model for S/P. That is, because 
of the sampling constraint that all the selected explosions should have been detonated 
below the water table, these low yield explosions were all conducted at depths of more 
than 500m, which is four to five times deeper that the nominal scaled depth for 
containment of about 122W1/2. It follows that, since the Mueller/Murphy model predicts 
that the source corner frequency will increase with increasing depth as h0.42, the expected 
corner frequencies for these overburied, low yield explosions are about a factor of two 
higher than those expected for the same yield explosions at nominal containment depths. 
The net result is that S/P ratios predicted by the Mueller/Murphy based model for the 
selected set of NTS explosions shows a significant yield dependence over a large portion 
of the frequency range of interest. This fact is illustrated in Figure 34 which shows a 
comparison of the theoretical S/P spectral ratios predicted by the Mueller/Murphy based 

Figure 33. Comparison of S/P spectral ratios estimated from LLNL station LAC recordings 
of small (Aleman) and large (Caprock) Yucca Flat explosions. 
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model for an explosion in saturated tuff with a yield of 1 kt and a depth of burial of 550m 
and an explosion with a yield of 150 kt and a depth of burial of 650m. It can be seen that 
the theoretical S/P ratios corresponding to these two sets of source conditions differ 
appreciably over the frequency band extending from about 0.5 to 5 Hz. The degree to 
which this model fits the observed Yucca Flat S/P spectral ratios is illustrated in Figure 
35 which shows a comparison of the ratio of the observed Aleman S/P ratio to the 
average observed S/P ratio for five Yucca Flat explosions having a mean mb value of 
about 5.7 with the corresponding theoretical ratio predicted by the Mueller/Murphy based 
model. It can be seen that the simple phenomenological model fits the observed S/P ratio 
data almost exactly. The corresponding average spectral ratio obtained using observed 
S/P values from the three smallest explosions in the selected sample (i.e. Aleman, 
Techado, Borrego) is shown in Figure 36, where it is again compared with the 
corresponding Mueller/Murphy based model prediction. It can be seen that, although the 
agreement with the corresponding theoretical ratio is not as precise in this case as that 
obtained with Aleman alone, it is still well within observational uncertainty, and this 
provides some very strong constraints on allowable S wave generation mechanisms for 
these NTS explosions, particularly in view of the fact that the smaller explosions were so 
deeply overburied relative to normal containment depths. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 34.  Comparison of theoretical S/P source spectral ratios predicted by the 
Mueller/Murphy based model for an overburied explosion in saturated tuff with a yield of 
1 kt and a depth of burial of 550m and an explosion with a yield of 150 kt and a depth of 
burial of 650m. 
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Figure 35. Comparison of the ratio of the observed Aleman S/P ratio to the average S/P 
ratio for five larger Yucca Flat explosions having a mean mb value of about 5.7 with the 
corresponding theoretical ratio predicted by the Mueller/Murphy based model. 

Figure 36. Comparison of the ratio of the average observed S/P spectral ratio for the three 
smallest Yucca Flat explosions having a mean mb value of about 4.0 to the average observed 
S/P spectral ratio for five Yucca Flat explosions having a mean mb value of about 5.7 with the 
corresponding theoretical ratio predicted by the Mueller/Murphy based model. 
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 As was noted above, data recorded at these four LLNL network stations also 
provide an excellent basis for assessing possible azimuthal dependence of the seismic 
sources of the various observed regional seismic phases. For example, Figure 37 shows a 
comparison of the ratios of the observed S/P ratios at station MNV to the corresponding 
network-averaged S/P ratios as a function of frequency for the selected sample of seven 
Yucca Flat explosions. In the absence of variations in the S/P radiation patterns from one 
explosion to the next, it would be expected that this ratio would remain essentially 
constant from event to event, and equal to the difference between the frequency 
dependent propagation path effects to station MNV relative to the network-averaged 
propagation effects for the four LLNL stations. In fact, it can be seen from this figure that 
these ratios are very consistent, which constrains any variations in the S/P radiation 
patterns from event to event to be quite small. It follows that the average (logarithmic) of 
these ratios should give a good estimate of the MNV frequency dependent "station 
correction" relative to the network average. The results of computing such averages for 
the same sample of seven explosions at each of the four LLNL stations are shown in 
Figure 38, where it can be seen that they are remarkably consistent. It can be concluded 
from these results that the total average effect of both propagation path differences and 
any source azimuthal variations on S/P is only on the order of 20% over the entire 
analyzed frequency band from 0.5 to 8.0 Hz for these four LLNL stations. That is, the 
consistency shown in Figure 38 places very strong constraints on any proposed S wave 
generation mechanism for these explosions, particularly with regard to allowable 
azimuthal variability of the S wave seismic source. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 37. Ratios of station MNV S/P spectral ratios to corresponding network-averaged 
S/P spectral ratios for selected Yucca Flat explosions. 
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5. CONCLUSIONS 
 
 The principal objective of the studies summarized in this report has been to derive 
improved, quantitative constraints on proposed physical mechanisms for S wave 
generation by explosion sources. This has been accomplished through a systematic 
evaluation of the frequency dependent source scaling characteristics of regional phase 
data observed from underground nuclear explosions at the former Soviet Semipalatinsk 
test site, the Chinese Lop Nor test site, the Russian Novaya Zemlya test site and the U.S. 
NTS test site. The source scaling results for all these testing areas have been found to be 
remarkably consistent, indicating that the observed Sn and Lg spectra scale with yield in 
a manner which is very comparable to that of the corresponding direct Pn spectra, 
generally differing significantly only over narrow frequency bands defined by differences 
in the P and S wave corner frequencies. Moreover, direct comparisons of Sn/Pn and 
Lg/Pn spectral ratios over the sampled ranges of depth and scaled depth indicate that any 
differences in the frequency dependent source depth dependencies of Pn, Sn and Lg must 
also be rather small. More specifically, it has been found that the observed frequency 
dependent source scaling of S/P spectral ratios at each of these test sites is very consistent 

Figure 38. Average ratios of single station S/P spectral ratios to corresponding network-
averaged S/P spectral ratios for LLNL stations ELK, KNB, LAC and MNV. 
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with the simple phenomenological model proposed by Fisk et al(2005) in which the S 
wave source is obtained from the corresponding Mueller/Murphy P wave source by 
scaling the corner frequency by the S/P velocity ratio of the source medium. While these 
results have not yet led to the identification of a specific physical mechanism for S wave 
generation by explosions, they do provide strong constraints which must be satisfied by 
any plausible proposed physical mechanism. In particular, any such physical mechanism 
for S wave generation at these test sites must satisfy the following observational 
constraints: 
 
(1) the characteristic source length for S is comparable to that for P, independent of yield, 
depth of burial or source medium. 
 
(2) the frequency dependent S/P source excitation ratio is approximately constant for 
explosions at a fixed test site, independent of yield or scaled depth of burial. 
 
(3) the frequency dependent S/P source spectral ratio is approximately independent of 
source to station azimuth over the frequency band extending from about 0.5 to 10 Hz. 
 
It is recommended that all proposed source models for S wave generation by explosions 
be used to predict frequency dependent S/P ratios as functions of explosion yield and 
depth of burial, as well as source to station azimuth, to determine whether they are 
compatible with these quantitative observational constraints. 
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